We consider the problem of determining the stress distribution in an infinitely long piezoelectric layer of finite width, with two collinear cracks of equal length and parallel to the layer boundaries. Within the framework of reigning piezoelectric theory under mode III, the cracked piezoelectric layer subjected to combined electromechanical loading is analyzed. The faces of the layers are subjected to electromechanical loading. The collinear cracks are located at the middle plane of the layer parallel to its face. By the use of Fourier transforms we reduce the problem to solving a set of triple integral equations with cosine kernel and a weight function. The triple integral equations are solved exactly. Closed form analytical expressions for stress intensity factors, electric displacement intensity factors, and shape of crack and energy release rate are derived. As the limiting case, the solution of the problem with one crack in the layer is derived. Some numerical results for the physical quantities are obtained and displayed graphically.
Introduction
Research in the area of piezoelectricity has led to the development of a variety of important electronic and electromechanical devices which are being used in spacecraft launch vehicles and military equipment. When piezoelectric ceramics are subject to mechanical and electrical loads in service, flaws or defects caused by manufacturing may lead to premature failure of these materials (or composite) to static antiplane shear and in plane electric loading which have been studied by several authors. For example, Pak [5] addressed the plane and antiplane fractured problems of an infinite piezoelectric body and obtained the closed form solutions of the stress field and electric displacement near the crack tip. Pak [6] suggested the closed form solution for an infinite piezoelectric body under antiplane loading by employing a complex variable approach. Shindo et al. [9, 10] obtained a solution for the infinite strip, parallel or perpendicular to the crack under 2 Closed-form solution for cracked piezoelectric layer antiplane loading using the integral transforms. Park and Sun [7] obtained the closed form solutions for all three modes of fracture for an infinite piezoelectric medium containing a center crack subjected to a combined mechanical and electrical loading. Furthermore, Shin et al. [8] and Kwon and Lee [3] considered the case of an eccentric crack in a piezoelectric strip and a central crack in a rectangular piezoelectric body, respectively.
Recently, Li and Duan [4] presented closed form solution for a mode-III crack situated at the mid-plane of a piezoelectric layer. This paper is a further extension of the work discussed in [4] .
As we know, an analytic solution in closed-form has some advantages over numerical and approximate solutions, so that in many cases, analytical solutions in closed form are desired for accurate analysis and design. Moreover, analytical solution can serve as a benchmark for the purpose of judging the accuracy and efficiency of various numerical and approximate methods. However owing to the mathematical complexity, certain practical problems of complicated configurations are only solved with the recourse to numerical schemes and it is difficult to obtain their analytical solutions in closed form.
This paper is concerned with the two collinear cracks parallel to the boundaries and embedded symmetrically in a piezoelectric layer under mode III. The top and bottom surfaces of the layer are kept at constant potential difference and displaced by the constant displacement. With the help of Fourier transforms, the solution of the problem is reduced into triple integral equations whose solution is obtained in the closed form. With the aid of a closed form solution, all quantities including the distribution of stress and electric displacement, the crack sliding displacement, the intensity factors for stress and electroelastic field, and energy release rate are determined in closed form. Solution of the problem of a single crack in a layer is also derived in closed form.
Formation of the problem and basic equations
Consider a rectangular Cartesian coordinate system such that the cross-section of the layer of the strip is −∞ < x < ∞, −δ < y < δ, and the cracks are located at a < x < b, −b < x < −a, y = 0. The cracks are infinitely long in the z direction. Because of the assumed symmetry in geometry and loading, it is sufficient to consider the problem for the region 0 < x < ∞, 0 < y < δ, only. The piezoelectric boundary value problem is simplified if we consider only the out-of-plane displacement and the in-plane electric fields in the form
where u i and E i (i = x, y,z) are displacement and electric field vectors, respectively. For this case, there is only nonvanishing the out-of-plane displacement w(x, y) and the inplane electric potential φ(x, y), which are independent of z and obey the following basic governing differential equations for the antiplane piezoelectricity: 
In this paper we consider a piezoelectric layer subjected to the following electromechanical loading on the boundaries:
where w 0 and φ 0 are constants. That is, let the top and bottom surfaces of the layer, y = ±δ, be clamped and displaced along the z-direction by an amount ±w 0 , and there is a constant potential difference between the top and bottom surfaces. Geometry of the problem is shown in Figure 2 .1. In addition to the boundary conditions (2.4), elastic and electric boundary conditions along the crack can be written as
where we assume that the cracks are filled with electrolyte solution and the superscript c 1 denotes the quantities inside the crack. In the present study the boundary conditions (2.7) and (2.8) are due to permeable crack.
By making use of Fourier transform it is easy to show that appropriate solution of (2.2) is given by respectively, defined by
By virtue of the constitutive equations (2.9) and (2.10), we find expressions for the antishear stress in plane electric displacement and electric field in the following form:
14)
Substituting (2.9), (2.10), (2.12), (2.14) into the boundary conditions (2.5)-(2.8), we find B(ξ) = 0 and the following triple integral equations: 
where
(2.20)
is the elliptic integral of first kind defined as
and Π(·) is the elliptic integral of the third kind defined as
Following [1] we can easily find that
Also making use of [1] the alternative form of the solution of the triple integral equations (2.16) may be written in the following form: 
,
. where we have used the following integral:
Substituting the values of C 1 and C 2 from (2.21) and (2.27) into (3.4) and (3.5), we find that
The stress intensity factors at the inner and outer crack tips are defined as
Making use of (3.7) we can write (3.9) in the following form: by using a method similar to the one used in obtaining (3.7). The intensity factor for electric displacement can be defined as
Making use of (3.11) we find from (3.12) that
We find from (2.9) that
Substituting the value of A(ξ) from (2.19) into (3.14) and interchanging the order of integration, we find that 
The antiplane strain is defined as are the strain intensity factors, and we can easily find that 44 ,
Evaluating the energy release rate G for the antiplane case as obtained by Park and Sun [7] , we find that
44 ,
44 .
(3.20)
Single crack in an infinite layer
In what follows we consider a single crack lying in the mid-plane of a piezoelectric layer subjected to boundary conditions (2.4). The corresponding electroelastic field may be derived straightforwardly from the results of Section 3. If we have a single crack of length 10 Closed-form solution for cracked piezoelectric layer 2b located on the line y = 0, −b < x < b, of the infinite strip of breath 2δ (−∞ < x < ∞, −δ < y < δ), we let a → 0, then making use of (2.21) and (2.25), we find that
Now making use of (2.17), (3.5), (3.15), and (4.1), we find that
We can easily find with the help of Section 3 the expressions for the electric displacement and intensity factor of electric displacement for a → 0 in the following form: The energy release rate for an infinite piezoelectric ceramic can be written in the form
2c 44 (4.5) as per Zhang and Tong [11] .
Numerical results, discussions, and conclusions
The numerical values of the stress intensity factors K τ a , K τ b , the energy release rates G a , G b , and the shear stress σ yz (x,0) have been calculated from (3.10), (3.20) , (3.7) . The numerical values of the material constants taken for these computations are given in Table 5 
